cis-Prenyltransferases (cis-PTs) constitute a large family of enzymes conserved during evolution and present in all domains of life. cis-PTs catalyze consecutive condensation reactions of allylic diphosphate acceptor with isopentenyl diphosphate (IPP) in the cis (Z) configuration to generate linear polyprenyl diphosphate. The chain lengths of isoprenoid carbon skeletons vary widely from neryl pyrophosphate (C 10 ) to natural rubber (C >10,000 ). The homo-dimeric bacterial enzyme, undecaprenyl diphosphate synthase (UPPS), has been structurally and mechanistically characterized in great detail and serves as a model for understanding the mode of action of eukaryotic cis-PTs. However, recent experiments have revealed that mammals, fungal, and long-chain plant cis-PTs are heteromeric enzymes composed of two distantly related subunits. In this review, the classification, function, and evolution of cis-PTs will be discussed with a special emphasis on the role of the newly described NgBR/Nus1 subunit and its plants' orthologs as essential, structural components of the cis-PTs activity.
The synthesis of polyprenols in all living organisms is essential for many cellular functions. The five-carbon building block, isopentenyl diphosphate (IPP), 2 and its isomer, dimethylallyl diphosphate (DMAPP), are precursors for the synthesis of over 55,000 structurally and chemically diverse isoprenoids including dolichols, sterols, the side chain of ubiquinone and chlorophyll, prenyl groups of certain proteins and tRNA molecules, carotenoids, plant and animal steroid hormones, and aromatic compounds (1, 2) . In a majority of eukaryotic cells, Archaea, and some Eubacteria, IPP and DMAPP are synthesized via the mevalonate pathway (MVA). In most bacteria, in some Protozoa (Plasmodium sp.), and in chloroplasts of all phototrophic organisms, IPP and DMAPP are made via methylerythritol phosphate (MEP) pathway (3) .
Linear isoprenoids are synthesized by a group of enzymes called prenyltransferases (PTs). PTs catalyze the head-to-tail condensation reactions of allylic primer (for example, DMAPP, farnesyl diphosphate (FPP), geranyl diphosphate, or geranylgeranyl diphosphate) with specific numbers of IPP units. Depending on the stereochemistry of the double bonds formed during IPP condensation, PTs belong to two structurally different families: trans-or (E)-prenyltransferase and cis-or (Z)-prenyltransferase. These enzymes utilize similar allylic and homoallylic substrates but differ completely in their primary amino acid sequences, tertiary structures, and mechanisms for substrate binding and catalysis (2, 4, 5) .
The carbon skeletons of the majority of isoprenoids are derived from products of trans-PTs. trans-PTs share a common protein fold and two conserved, functionally important asparagine-rich (DDXX(XX)D) motifs. trans-PTs synthesize linear allylic diphosphates ranging in size from 2 (C 10 ) to 10 (C 50 ) isoprene units (1) . The precise mechanisms of prenyl chain elongation are well established based on structural and sitedirected mutagenesis studies of a number of enzymes in this class (1, 2, 5) .
On the other hand, cis-PTs synthesize allylic diphosphates ranging in size from C 10 polyprenyl diphosphate to natural rubber (C Ͼ10,000 ). While searching for the enzymatic machinery involved in the formation of crucial intermediates in bacterial cell wall synthesis, researchers discovered UPPS over 40 years ago (6 -12) . Following the studies in bacteria, a description of an ER-localized enzymatic activity was discovered in mammals and in yeast (13) (14) (15) . UPPS utilizes FPP as a substrate to sequentially add eight IPP units to form undecaprenyl diphosphate (C 11 ). In eukaryotic cells, cis-PT (known also as polyprenyl diphosphate synthase or dehydrodolichyl diphosphate synthase (DHDDS)) provides cells with the isoprenoid backbone essential for the formation of dolichol phosphate (C 55-100 ; DolP), an obligate lipid carrier necessary for protein glycosylation reactions in the ER (Fig. 1) .
Z,E-FPP (C 15 ) (17). Z,E-FPP then serves as an allylic primer in the synthesis of decaprenyl diphosphate. Solanum sp. have numbers of short-chain enzymes localized to plastids, and these enzymes generate products ranging in size form neryl diphosphate (C 10 ) to nerylneryl diphosphate (C 20 ) (18 -20) . Lavandula x intermedia lavandulyl diphosphate synthase is structurally similar to other short cis-PTs. Products of plant short cis-PTs are intermediates in the synthesis of monoterpenes and sesquiterpenes (21, 22) .
Medium-chain cis-PTs are represented by UPPS purified from a number of bacterial species (5, 16, (23) (24) (25) (26) (27) (28) (29) (30) , Z,E-mixed decaprenyl diphosphate synthase (Z,E-DecPP, C 50 ) from M. tuberculosis (Rv2361), as well as plant, protozoan, and archaeal enzymes. UPPS is responsible for the biogenesis of undecaprenyl phosphate, an indispensable glycosyl carrier lipid in bacterial cell wall biosynthesis. Z,E-DecPP from M. tuberculosis was the first described cis-PT utilizing a different allylic substrate other than FPP (17, 31) . In Arabidopsis thaliana, AtCPT6 functions in response to abiotic stress (32, 33) ; however, the AtCPT6 product most likely does not serve as lipid carrier in glycosylation reactions.
The medium-chain cis-PT of Giardia lamblia,which is phylogenetically related to bacterial UPPS, is the only molecularly characterized protozoan enzyme (34) . Archaeal enzymes make polyprenol diphosphates ranging in size from C 30 to C 60 , which serve as precursors for DolP utilization in N-linked glycosylation reactions (35) (36) (37) (38) .
Long-chain cis-PTs involved in dolichol synthesis and dolichol-dependent glycosylation of proteins in yeast, mammals, and plants were predicted to be similar to homo-dimeric UPPS. This assumption was supported by the fact that overexpression of predicted eukaryotic cis-PTs (RER2 and SRT1 of bakers' yeast, human hCIT, and A. thaliana LEW1) in homologous and/or heterologous expression systems was able to increase cis-PT enzymatic activity and dolichol content (39 -46) . However, recent data have challenged this paradigm because mammalian, fungal, and long-chain plant cis-PTs are composed of two subunits critical for enzymatic activity. The two-component system is composed of NgBR (Nogo-B receptor) and hCIT in mammals (47); Nus1 and Rer2 or Nus1 and Srt1 in Saccharomyces cerevisiae; SpNus1 and SpRer2 in Schizosaccharomyces pombe (47) ; SlCPT3 and SlCPTBP in tomato (48); Lew1 and At2g17570 in Arabidopsis (49) ; and LsCPTL1 and LsCPT1 in lettuce (50), respectively. Rubber synthase of Taraxacum brevicorniculatum and Lactuca sativa are also heteromeric enzymes composed of at least two subunits (50, 51) . Interestingly, when comparing the primary amino acid sequences of known experimentally analyzed single-and two-component enzymes, the NgBR/Nus1 class does not have a catalytic motif present in UPPS. However, it shares with UPPS, but not with hCIT, an -RXG-C-terminal conserved motif ( Fig. 2B ), implicating an important role of the C terminus in activity. In the context of the crystal structure of homo-dimeric UPPS, Arg 242 in the -RXG-motif is involved IPP binding (26) , and the very C terminus of one monomer of decaprenyl diphosphate synthase in M. tuberculosis interacts with the active site of the other subunit (52) . Interestingly, patients harboring an R290H mutation in NgBR, and the corresponding mutations in ScNus1 and SpNus1, show reduced cis-PT activity and chain length of the polyprenol diphosphate (47) . Finally C-terminal tagging of L. sativa CPT-like (CPTL-NgBR ortholog) (50) severely reduces cis-PTs activity, thereby supporting the idea that the C terminus is highly conserved and important for cis-PT activity.
The molecular elements determining how heteromeric enzymes regulate prenol chain length are unknown. However, a number of mutagenesis, structural, and modeling studies of monomeric enzymes show that the specificities of product chain lengths primarily depend on different enzymatic proper-ties (16, 20, 28, (52) (53) (54) (55) . In addition, chain length distribution of products from cis-PT could be affected by reaction conditions in vitro such as detergents and phospholipids, which may influence co-substrate binding or accessibility of intermediates (56, 57) . In the context of heteromeric enzymes, the different gene products(NgBR/Nus1 and hCIT/Rer2/Srt1) both determine polyprenol chain length (47) , as recently found during natural rubber synthesis (50, 51) . Interestingly, components of rubber synthases are able to form only long-chain polyprenols in vitro or expressed in yeast, and additional structural components or chaperones may be necessary to fully synthesize rubber. Other factors that may influence the chain length of cis-PT could be the degree of subunit oligomerization or the specific lipidic environment of the heteromeric subunits.
Phylogenetic Distribution of cis-PTs
Phylogenetic analysis of representative eukaryotic and prokaryotic UPPS enzymes reveals two main clusters: one composed of hCIT/Rer2 orthologs that require NgBR/Nus1 to form active enzyme and the other composed of mainly single subunit enzymes ( Fig. 3) (34) .
Fungi, animals, and slime mold have only the heteromeric, NgBR/hCIT class of cis-PT. In plants, it is possible to distinguish homo-dimeric from heteromeric cis-PTs (19, 48 -51, 58) . Functionally, heteromeric enzymes are critical for dolichol synthesis and N-glycosylation reactions in the ER, as well as in natural rubber biosynthesis in rubber-producing plants. Singlesubunit cis-PTs of endosymbiotic origin are phylogenetically related to bacteria cis-PTs and are very often localized to the chloroplast.
Trichomonas vaginalis and Apicomplexa, including parasitic Plasmodium sp., have only one gene per species resembling hCIT/Rer2; however, they lack an NgBR ortholog. However, functional studies are lacking examining whether these hCITlike proteins are unusual homo-dimeric cis-PTs or, as we predict, require an additional subunit.
Only single homo-dimeric cis-PTs are present in several distantly related protists including Giardia and Trypanosomatida (34) . UPPS such as cis-PTs in protists are probably the result of horizontal gene transfer, which is a major force in the evolution of Giardia (34, 59) . This assumption is supported by the fact that unlike Giardia, other Metamonada, T. vaginalis, and recently reported Monocercomonoides sp. (60) have the hCIT type of cis-PT.
Finally, the genomes of Entamoeba sp. lack orthologs of cis-PTs. Because Entamoeba use dolichol in glycosylation reactions, the lack of a homolog of cis-PT could be explained by an alternative enzyme or co-opting dolichol from the host (34, 61) .
Eubacteria and the majority of Archaea, including recently discovered Lokiarchaeota, the nearest relative of eukaryotes (62) , possess a typical single-subunit enzyme. Surprisingly, Halomebacteria and Archaeoglobaceae, belonging to Euryarchaeota, the species less closely related to the Eukaryote phy- 
Component of heteromeric cis-PTs
Homomeric cis-PTs FIGURE 3 . Phylogenetic distribution of known and predicted single-component cis-PTs and hCIT/Rer2 orthologs from animals, plants and microbes. The evolutionary history was inferred using the neighbor-joining method and conducted in MEGA7 (90 lum of Archaea, have clear NgBR/Nus1 orthologs (63) . Their UPPS orthologs lack a C-terminal conserved RXG sequence, implying that ancestral genes of NgBR/Nus1 and hCIT orthologs may have emerged in Euryarchaeota after being acquired via horizontal gene transfer by a common ancestor of eukaryotes.
Discovery of Heteromeric Eukaryotic cis-PTs

Mammalian NgBR as a Component of cis-PT
NgBR was identified as a receptor for the N terminus of Nogo-B (amino acids 1-200; AmNogo-B) (64) . Nogo-B, also known as reticulon 4B, is highly abundant in endothelial cells and vascular smooth muscle cells, and mice lacking Nogo-A and -B have accelerated neointima after vascular injury, defective wound healing, and impaired blood flow recovery after ischemia (65) . Soluble AmNogo-B promotes the adhesion and chemotaxis of endothelial cells (65), but the mechanism of this effect was unclear. To understand the mechanisms of soluble AmNogo-B function, an expression cloning strategy identified potential binding proteins, and a cDNA encoding NgBR was isolated (64) . Analysis of the primary sequence of NgBR revealed a single C-terminal domain with homology to cis-PTs; however, semi-purified NgBR was not active in cis-PT assays.
Insights into the biology of NgBR as a component of cis-PT activity stemmed from experiments showing the C terminus of NgBR interacts with Niemann Pick C2 (NPC2) protein, a lysosomal protein critical for cholesterol transfer from the lysosome to the ER or plasma membrane (66) . The loss of NgBR increased cellular free cholesterol content due to the destabilization of NPC2, a phenotype similar to loss-of-function mutants of NPC2. When studying how NgBR interacts with NPC2, researchers used pulse-chase studies examining protein glycosylation to demonstrate that the loss of NgBR markedly reduced protein N-glycosylation by reducing cis-PT activity and dolichol-linked sugars. Co-immunoprecipitation experiments showed that the C terminus of NgBR interacts with hCIT and that NgBR is necessary for protein N-glycosylation and cis-PT activity (67) .
Overexpression of NgBR/Nus1 shows a minor increase in cis-PT enzymatic activity and dolichol levels; however, hCIT overexpression stimulates enhanced accumulation of dolichol, implying that hCIT may be a limiting factor in dolichol synthesis and may recruit NgBR and its orthologs to active complexes (41, 43, 67, 68) . The first evidence supporting eukaryotic cis-PT activity is due to a heteromeric complex of NgBR with hCIT was from studies in yeast (S. cerevisiae). A triple deletion strain lacking NUS1 (ortholog of NgBR), RER2, and SRT1 (orthologs of hCIT) in S. cerevisiae (nus1⌬, rer2⌬, srt1⌬) is lethal; however, the survival of the strain was accomplished by expression of a single subunit enzyme from G. lamblia. Moreover, co-expression of hCIT and NgBR, but not individual genes, reconstituted cis-PT activity in the triple mutant strain. These data suggest that both genes are required for cis-PT activity; however, these experiments did not address the contribution of each partner to cis-PT activity. Utilizing an in vitro translation (IVT) system to express either hCIT or NgBR (and yeast orthologs) did not result in cis-PT activity, nor did mixing of the IVT reaction products. Surprising, co-translation of NgBR/hCIT is required for cis-PT activity (47) , rationalizing prior biochemical data showing that NgBR/hCIT stabilize each other (66) . Thus, hCIT and NgBR form an active cis-PT complex that is assembled during translation.
Yeast Nus1and NgBR Are Orthologs
NUS1 was described as an essential gene needed for cell division in S. cerevisiae (69) contemporaneously with the identification of NgBR in human cells (64) . Yeast strains were constructed by replacement of native promoters with a TetO 7 cassette (Tet-off system), which was examined for defects after doxycycline addition. NUS1 was found in a cluster of genes affecting 3C/4C DNA content, an unexpected cell cycle profile likely related to mitotic defects. Moreover, suppression of NUS1 results in defective glycosylation of carboxypeptidase Y (CPY), disrupted secretion of alkaline phosphatase, and impaired production of the glycosylphosphatidylinositol-linked protein Gas1. To examine whether Nus and NgBR are functional orthologs (47), co-expression of either NgBR/hCIT, Nus1/Rer2, or Spnus1/Sp-rer2 in the triple deletion strain lacking Nus1/Rer2 and Srt1 yielded viable cells (47) . Similar to the requirements of NgBR/hCIT for mammalian cis-PT activity, Nus1, Rer2, or mixtures of Nus1 with Rer2 IVT products were unable to form polyprenols, whereas co-translation of Nus1 and Rer2 formed an active cis-PT complex producing polyprenols of expected lengths, supporting the heteromeric structure of yeast cis-PT.
Plant Orthologs of NgBR and Rubber Synthesis
Functional conservation of NgBR/Nus1 orthologs from distantly related organisms is supported by the studies of Lew1, an ortholog of NgBR in A. thaliana. Depletion of Lew1 led to defects in dolichol production and protein glycosylation (39) Recently, it was proven that AtLew1 forms active cis-PT with hCIT/Rer2 ortholog AtCPT3 (At2g17570) (49) . The first evidence for the existence of heteromeric plant cis-PT complex was supported by results from CPT-like (CPTL-NgBR ortholog) and CPT (hCIT ortholog) protein in L. sativa. CPTL2 is predominantly expressed in latex, and silencing CPTL2 coincides with a reduction of natural rubber synthesis. Yeast microsomes containing CPTL2/CPT3 show enhanced synthesis of short cis-polyisoprenes, and microsomes containing recombinant CPT1/CPTL1 or CPT1/CPTL2 show a strong increase of polyprenol biosynthetic activity (50) . In T. brevicorniculatum, the NgBR-like protein (TbRTA) was also found in the rubber particle in a proteomics study. TbRTA interaction with the rubber synthase subunits TbCPT1-3 was confirmed by co-immunoprecipitation experiments (51). TbCPT1-3 or TbRTA expression in a S. cerevisiae triple deletion strain (51) fails to support cell survival. However, co-expression of TbRTA with TbCPT1-3 complements the survival of the mutants, suggesting a requirement of both TbRTA and TbCPT for cis-PT activity similar to studies with human and yeast components (51) . Additional evidence for a heteromeric cis-PT complex was found in tomato plants that express SICPTBP, a close homolog of NgBR and Lew1, and SICPT3 is a homolog of hCIT/RER2. Similar to other studies, co-expression of SICPTBP and SICPT3 was required to complement the survival of rer2⌬ yeast strain and dolichol biosynthesis (48) .
Regulation of cis-PT Activity and Expression
The knowledge about regulation of cis-PT activity is still limited despite its critical importance in protein N-glycosylation. Cyclic nucleotides such as cAMP increase microsomal cis-PT activity (70); however, the mechanism is unknown. Stimulation of the unfolded protein response induces the expression of several genes involved in N-glycosylation reactions including NgBR and hCIT genes in mammalian cells as well as NUS1 and RER2 in yeast (71) . Blockade of sterol biosynthesis up-regulates dolichol synthesis in yeast and mammalian cells. Yeast lacking functional squalene synthase have elevated cis-PT activity and dolichol levels (72) . Inhibition of squalene synthase in mammalian cells deficient in dolichol phosphate mannose activity was proposed as therapeutic intervention, because it increases both dolichol phosphate and dolichol phosphate mannose levels and corrects glycosylation defects (73) . Both Rer2-dependent and Srt1-dependent cis-PT activity in yeast S. cerevisiae are stimulated by overexpression of farnesyl diphosphate synthase (FPPS) (74) . Overexpression of FPPS not only increases the level of allylic substrate available for the cis-PT but also stimulates the expression of both RER2 and SRT1 (42) , and in Trichoderma reesei, expression of FPPS synthase enhances cis-PT activity (75) .
It is clear that NgBR binding to hCIT is critical for cis-PT activity; however, the functional role of NgBR in complex with Nogo-B or NPC2 is less obvious. Although NgBR was discovered as receptor or binding protein for the N terminus of Nogo-B, the release of soluble Nogo-B or exposure of the N terminus of the reticulon-4 family of proteins on the cell surface is controversial. Also, a majority of NgBR is found on the ER membrane, and topology studies have not convincingly shown NgBR on the cell surface. In genetic experiments, the loss of Nogo-A/B clearly affects ER morphology (76) but does not affect cis-PT activity in vitro or protein glycosylation (68) . Additional fine mapping studies of Nogo-B/NgBR interacting domains may permit additional understanding of this proteinprotein interaction. In addition to Nogo-B, NgBR can interact with NPC2 in vivo and in vitro, and studies in cells using siRNA depletion of NgBR or genetic loss of NgBR document impaired sterol sensing and elevations in free cellular cholesterol. This may occur via NgBR binding to NPC2 (66) or NgBR modifying the N-glycosylation of NPC2. Also, a direct interaction of NgBR and NPC2 is supported by the dual topology of NgBR in the ER (67) and the co-existence of NPC2 and NgBR orthologs in the same organisms during evolution.
Genetic Validation of Two-component NgBR/hCIT Complex in Humans
The essential nature of cis-PT activity for dolichol biosynthesis is clear based on lethality in yeast and mice when Nus1, Rer2/Srt1, or NgBR is deleted (34, 46, 47, 69, 77) . Ablation of NgBR in the mouse results in early embryonic lethality around embryonic day 6.5. In addition, conditional NgBR deletion in vascular endothelial cells also demonstrates embryonic vascular development due to defects in glycosylation of important endothelial proteins (68) . The importance NgBR/hCIT in humans is shown by recent studies documenting loss-of-function mutations via exome sequencing. A NgBR-R290H loss-offunction mutation was identified in a family of Roma origin with a constellation of symptoms consistent with a congenital disorder of glycosylation (47) , and hCIT K42E and T206A missense mutations were identified in a family of Ashkenazi Jewish origin with retinitis pigmentosa (78 -80) , Homozygous mutation in NgBR causes a broad and severe congenital disorder of glycosylation phenotype including retinitis pigmentosa, severe neurological impairment, and refractory epilepsy, whereas mutations in hCIT cause retinitis pigmentosa. Indeed, experiments in a reconstituted system shows that loss-of-function mutations in NgBR or hCIT reduce cis-PT activity and are additive when combined. In both instances, mutations in NgBR or hCIT show altered ratios of dolichol chain lengths when measured in urine and plasma from affected carriers (47, 80) . Finally, chromosomal deletion within NgBR locus may play a role in driving susceptibility to pediatric epilepsy and congenital anomalies (81, 82) . Because epilepsy is commonly observed in congenital disorders of glycosylation (83) , observed symptoms may be consistent with defects in dolichol synthesis and hypoglycosylation.
In addition to rare variants, recent data suggest that cis-PT activity and dolichol biosynthesis may influence cancer progression based on altered NgBR expression in cancerous tissues. NgBR mRNA levels are increased in ductal adenocarcinoma and nonsmall cell lung carcinoma specimens (84, 85) . Clearly, regulation of glycosylation influences cell growth because the loss of ALG genes required for protein N-glycosylation triggers cell cycle arrest in yeast (86) . In addition, blocking protein glycosylation using tunicamycin or NgBR deletion inhibits endothelial cell proliferation (68, 87) and triggers apoptosis.
Recently, several studies have shown that bacterial UPPS is an attractive antibiotic target (4, 88) and that inhibitors of UPPS are protective in a mouse model of infection (89) . Based on the experimental data concerning G. lamblia cis-PT and phylogenetic analysis of cis-PT from Trypanosoma sp., Leishmania sp., and Plasmodium sp., we predict that targeting protozoan cis-PT may also be a reasonable strategy to treat and control infections such as malaria, sleeping sickness, Chagas disease, leishmaniasis, and intestinal infections. Solving the structure and understanding the mechanism of action of the mammalian NgBR/hCIT complex would complement studies on the precise characterization of novel antimicrobials.
In summary, the synthesis of polyprenols is essential for all life forms. Recent advances discussed herein were not predicted based on genomic similarities of prokaryotic and eukaryotic cis-PT. The discovery of a two-component system for the synthesis of the long-chain polyprenols in yeast, plants, and humans provides new opportunities to define the similarities and differences across phyla and examine the mechanisms of polyprenol synthesis.
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